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Objectives

Realize complex logic operations at the hardware level at the nanoscale

Beyond the switching paradigm :
* provide the foundation of a Post-Boolean approach
* provide new logic schemes that enables complex logic functions

Experimental realizations of

* logic circuits (Boolean) directly implemented at the hardware level
* multivalued logic circuits (ternary multiplier and ternary adder)
 search and 1dentification function algorithm as a finite state machine
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: : ¢ Moloc
£ Quasi classical approach

* encode Boolean or multi-valued variables in the discrete charge,
energy or conformational states of confined molecular or nano
systems.

* provide inputs as a selective perturbation that induces specific
transitions between these states.

* processing of information is performed by the quantum
dynamics of the multi state system.

* the outputs are a probe of the final states.

Different from quantum computing : no information 1s
encoded 1nto the phase of the wave function.
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Implementations of electrically addressed
logic circuits at the hardware level

Transport through a single atom 1n a silicon transistor (SAT).

Sven Rogge F fuoen

TU- Delft

School of Physics & CQC?T
University of New South Wales
Australia
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Assignment of the level spectrum of the As dopant atom
from the stability maps of a FInFET transistor
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Lansberger et al, Nature Physics, 4 , 656 (2008)
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R PhYSiC&l realization
of a cascade of two full binary adders
Vit
A= = 1 1 . SAT : half addition A, + B,
o | ToT V Tel i, 2.CIB:FET + load resistor :

AT, el 08 V. is the arithmetic sum A, + B. + C_
Qv [ 11 ] : 3. A SET decodes the arithmetic sum to
E____C_'fiaf_—__L_____—l_—____—_:j_j a Boolean variable

Vi
T 1O | 1O -multivalued logic sch
Boi L multivalued logic scheme
Lhy gt Vosr g 1 *CMOS compatible
:.-----_----.--'.':.".':.".'.".i egcalable
E CT;:C_'%‘——LL J——|—L 1o cach full addition requires 4 transistors
e = reduces the number of switches by a factor 7

J.A. Mol, J. Verduijn, R. D. Levine, F. Remacle and S. Rogge, PNAS, 108, 13969 (2011).

M. Klein, G. P. Lansbergen, J. A. Mol, S. Rogge, R. D. Levine, and F. Remacle,
ChemPhysChem. 10: 162-173, 2009.
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Half addition performed by the SAT

... [NA]

SAT

* Aand B are encoded as two values of Vy and V,
depending on these values,

zero level (0,0) contribute
one level (0,1) and (1,0) to the
two levels (1,1) current
A B Cin a.s Cout S
0 0 0 0 0 0
half 0 1 0 1 0 1
addition | ! 0 0 1 0 1
1 1 0 2 1 0
0 0 1 1 0 1
0 1 1 2 1 0
1 0 1 2 1 0
1 1 1 3 1 1
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CIB and decoder to Boolean

SET. converts the a.s. to a Boolean signal.

. | peeeeeseseeaees The conversion is implemented using the
" @ V. : @ periodicity of the SET. V. is applied to the
S | : o gate of the SET and gives a current that
Bio e —oSi  corresponds to S.
SAT. VbSET gpy ‘
AR N --:::f:ff:i:

a.s 1s a four valued signal

A B Cin a.s Cout S

CIB : carry in buffer , made of 0 0 0 0 0 0
* aload resistor (converts I. ; to V) (1) (1) g :: g }
* a carry in FET opened if the 1 1 0 2 ] 0
arithmetic sum, V, |, 1s larger than 1 0 0 1 1 0 1

_ 0 1 1 2 1 0
=1 1 0 1 2 1 0

* provides gain 1 1 1 3 1 1

2nd AtMol meeting, January 2012 9



5¢ Moloc

Perspective : engineer molecular structure in Silicon
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Interactions in molecular structures:
dopant placement

Filled-state image Empty-state image

O Hydrogen @ Phosphorus
O Silicon @ Boron
3::8!!&0 12

Teahnaloyy
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effective mass model for the two dopant molecule

hz 82 82 hz az 2 ez
H(t)=- Flt) r—
( ) lsz(axz +ay2}+2m 822:|+€ ( ) r lz:; ESi\/(x_xi)2+y2+(Z—Zi)2

2 2 2
Qe Qe
N Zl \/ 2 2 2 - 4e. z
g (x_'xi) ty +(Z_Zi) :
Time —dependent Hamiltonian 1s solved on a 3D grid

Z::O()..911961nlze Q= (83102 — & )/ (85102 * 851) Esi0, = 38

Y. Yan, J. A. Mol, J. Verduijn, S. Rogge, R. D. Levine, and F. Remacle, J. Phys. Chem. C 114: 20380-20386, 2010.
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hetero nuclear dopant molecule
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Cyclable full adder implemented on dopant molecule Fava loc
addressed by a pulse g%tsgéévoltage
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y (a) |

first half addition 1Y
initial voltage | XOR AND .
state ulse int sum | (c1 >z

. D) = -38.67 | E

=1

L‘R(©0) O LR©O O 0 LR LR
LR (0) 1 LR*(1) 0 1
LR*(1) 0 LR*() 0 0 3868 0000 0004 0008
LR*(1) 1 L*R (0) 1 0 F (kV/em) n

0.010

second half addition

diabatic
diabatic

int sum | voltage | XOR AND
pulse final (c2)

F (kV/cm)
o
s

sum

-8
[N

charge density <
(=)
W

L'R©) 0 L'R©O) 0 0
L'R©O) 1 LR*(1) 0 1
LR* (1) 0 LR* (1) O 0 0.0
LR* (1) 1 L'R(0) 1 0
AND : charge on right at Fu ¢ i 0 Ranacir 1 ys, Chn, C 114
. jf INH : charge on leftat F_,, 20380-20386, 2010.
2nd AtMol meeting, January 2012 13
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Multivalued logic : implementation of ternary logic circuits

A ternary multiplier on a S1 NP

tip =] 0 +1
NP

AFM Conductive Tip

Nano-particle Array \A -1

SP1 Protein Array

repulsion

attraction

scalable

+1
room temperature

I. Medalsy, M. Klein, A. Heyman, O. Shoseyov, F. Remacle, R. D. Levine, and D. Porath,
Nature Nanotechnology 5: 451-457, 2010.
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_7; Ternary multiplier on a single dopant atom
In a transistor

multi | -1 0 1 10
5 @xn
-1 1 0 -1 dopant 0 ‘:;5,,
o Jo Jo o 53
1o i
transconductance map dl £
1 &
dv, QD N
| 13
AERETREE N
335 345 355
fully CMOS compatible v, (mV)

read out procedure

0 100 200 300
V, (mV)

G. P. Lansbergen, M. Klein, S. Rogge, R. D. Levine and F. Remacle. Applied Physics
Letters 2010, 96, 043107
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Scheme for the balanced ternary addition

a n trit number, ¢,t, ,...t, corresponds to the decimal number d : d = zti 3'
=0

carry [d/3]
addition : d=x+y+z t =d—t 3
sum carry
z=-1 z=0 z=1

-=-- ECIFIEES ESEEER
- 0

---0/--0-\
1 o ML 1 W1 o --0-

0 0
B : o o/ Mo o o\ 0 0 1
B : : o E: o o 0 0 0
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e Full ternary adder on a MOSSET device
Metal on insulator SET

8 . e b ¢
waad My e _) gl
>m My
p— — wmad My
o Hyo B Mo Mg M M

three gates : top, side and
back gate

for the top and the side gate :
applying an alternating (AC)
Vy leads to negative, nul or
G positive current.

J. A. Mol, J. v. d. Heijden, J. Verduijn, M. Klein, F. Remacle, and S. Rogge, Appl.
Phys. Lett., 99,263109, 2011.
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Balanced ternary adder

A | Y

x and y are mapped to the top and the
side gates.
z 1s mapped in the value of the back gate

reading of
the negative reading of the * cascadable
of the sum negative of the e gcglable

1 carry out
* process three

d V,,=-220mV V, =-90mV V, =90 mV V, =220 mV

changing T, A\ % ternary numbers
the value Eo-w - | \m o | h tl t
of the & 5\ mnerently ternary

050 05050 05-050 05-050 05

back gate VoV
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Implementing a search algorithm
addressing a SAT with a pulsed gate voltage

Aim : 1identifying one of the four functions of one bit

Fi(x) | Fy(x) | F5(x) | Fy(x)
0 1 0 1
0 1 1 0

Using a quasiclassical algorithm, we can identifying which
function of one bit has been computed (by the Oracle) by the
oracle in one query.

B. Fresch, J. Verduijn, J. A. Mol, S. Rogge, and F. Remacle, 2012, submitted
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Experimental set-up
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B
t=0
prep . function evaluation ; reset
Ve Vel Va2
tP” ep tl ZL2 treset
c Vg=VL Vg=VM Vg=VH
FES,L < - —DFES’R
18774 -
—_— o
T, GS.R | olb
FL IS l— =)
.......... W .
I — I . I,
rlécs FRG)‘
CPT
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‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Kinetic description of the relaxation between the two states
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P={P.P.P} P=1-P —P,

S?>TES?T 0

_(FGS,R T FGS,L) w (FR,GS T FL,GS)
k (t) - 0 _(FES,R t FES,L t W) (FR,ES T FL,ES)
(FGS,R T FGS,L) (FES,R T FES,L) _(FR,GS T FL,GS T FR,ES T FL,ES)

W : relaxation rate between the GS and the ES induced by coupling to the phonons

dP(t)/dt=K(t)P(t)

% one electron at the time on the SAT
CPT .é'}i.
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Four double pulse profile are used to
encode the four functions

F1 F2
0.04 0.04
T e
V;(t)onz | V;(t) 0.02
Vi ()4 (1) Ve (0)V, (1)
% 2 4 % 2 4(s 4
(s) x10° x10"

FIJS Ilj:; l_ 11::; ........ L n
- F3
0.04 0.04
V (t
Vg (t) 0.02 ¢ ( ) 0.02
. Vv, (6)Vy (%)
° % 24(s) 4
x 10 r x10°

rEs,L—— - SR
W
- ) FGS,R

FL,GS
palg =B - o
Fm s L s LT T E L
L 1 B I =
CPT ’i
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output : stationary current
T(T):‘e‘<n>T/T r=t  +t+u,+e,,

<n>T 1s the average number of electrons tunneling through the SAT during T

(= e P,

1_‘GS,R (t) PGS (t) + FES,R (t) PES (t)) + <n>reset

|
O"—-.
S
P S

(1) =(T g Ty 0)

%
CPT e
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RRRRRRRRR Computing the four functions

x=1 == P (()) —1 realized by applying Vg =V, fort

prep

x=0 == P (O) —1 realized by applying by applying V; to empty the dot

A ° x=0 P,0)=1 e« x=1 Pg(0)=1 g

0.8
ny. Vg.Vg, | FO) | (n)"| F(1) | (n)
< >1 06 F(x)=1 e <>T <>T
F1 |[VHVH| o |o002]| o | 002

o

04 b F2 | VHVL | 1 067 | 1 0.67
02 F(x)=0 ® F3 | VLVH| o0 | 0.21 1 | 043
. e ® F4 |[VMVH| 1 0.41 0 | 005

F1  F2 F3  F4

Purely classical identification scheme requires two queries
CPT B
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one query 1dentification using a quasiclassical scheme

Prepare an 1initial probability vector that 1s a superposition of Pyq and P,

)

P(O) =ce +ce,=c [x = 1:|+ C, :x = O]

PG

S

canonical basis: €, =

SO -
O = O
-0 O

Brs
P

0

The kinetic scheme 1s linear, the general solution 1s

p()=ri()e  1()=[e,(0)e,(0)e,(0)

x=1 x=0
The output is linear too <n> =C <n> +C <n>
T 1 T 3

T
CPT R A
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using a superposition, one can in one query

* solve the Deutsch problem : 1s the function balanced or constant ?
* 1dentify the function : one out of 4 possibilities

e © © ¢ & & ©® o o o t  =24ns
06 o F, @ F, prep F1 F2 F3 F4
n). F,l @ F
<>[o4 i : (n).  |002|067|034]|022
: " e ® e © ©¢ & O
o @
0.2 4-value
BALANCED FUNCTIONS < encoding 0 3 2 1
00 ©.© 0.0 0.0 0 0 0

0 1 4 3 4
e (s) x10"

#
CPT -a»."_‘_,,x
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Concluding remarks

e Multi-valued variables are inherent to the
molecular and nanoscale.

* SAT's are CMOS compatible (no problem with
undefined contact, interfacing with the
macroscopic world).

* Atomic scale deterministic doping allows to
reduce the variability problem.

* Quasiclassical parallelism can be implemented
in the solid state using pulsed gate voltages.

&

CPT S8
Université 0
de Liege -



